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Abstract

Results of a detailed study of Ni(111) surfaces in air and in sulfuric acid solution (pH 1.0�/2.7) by a combination of STM, surface

X-ray scattering using synchrotron radiation, and electrochemical techniques are presented. Ni(111) samples, prepared via annealing

in H2 and exposure to air at room temperature, are covered by a smooth three to four layers thick NiO(111) film with parallel (NiO[/

11̄0]/jjNi[/11̄0]/) and anti-parallel (NiO[/11̄0]/jjNi[/1̄10]/) in-plane orientation. Electrochemical reduction at potentials 5/�/0.40 VAg/AgCl

results in the formation of a well-defined, oxide-free surface with large terraces, a low surface mobility, and a (1�/1) lattice on the

atomic scale. X-ray reflectivity data indicate vertical lattice expansion for the topmost Ni layer and a strongly bound sulfate or

oxygen species. Active Ni dissolution commences at potentials ]/�/0.25 VAg/AgCl by a step-flow mechanism, followed by the rapid

formation of large three-dimensional etch pits, leading to considerable surface roughening. In situ STM observations of the passive

film formation show at potentials ]/�/0.10 VAg/AgCl the nucleation and growth of an initial ‘grainy’ phase, which is attributed to a

Ni hydroxide, followed by a slower restructuring process. According to our combined STM and SXS data, the resulting steady-state

passive film exhibits a duplex structure, with a crystalline, inner NiO(111) layer, consisting of exclusively anti-parallel oriented grains

(NiO[/11̄0]/jjNi[/1̄10]/) which are slightly tilted relative to the substrate lattice, and a porous, probably amorphous hydroxide phase on

top. The thickness of the crystalline NiO film increases with potential by 14�/17 Å V�1. In addition, structural changes of the oxide

film during immersion of Ni samples into the sulfuric acid solution at potentials in the passive range and after emersion from the

electrolyte were observed, which indicate the slow conversion of the air-formed into the passive oxide and the (partial) reformation

of the air-formed oxide, respectively.
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1. Introduction

The structure and growth of passive films on metal

electrodes as well as their influence on corrosion and

other electrochemical reactions are and continue to be

an extensively studied subject. A concise overview on the

current state of passive film research was recently given

by Schultze et al. [1], who has contributed important

fundamental studies to this field over the last three

decades. Here we discuss the case of nickel, which can be

considered as a prototypical example of a passive metal.

The corrosion of nickel in aqueous electrolytes has been

the subject of numerous studies, motivated by the high

technological importance of Ni and Ni-containing

alloys, such as stainless steels and brasses, as well as

by fundamental questions concerning the understanding

of the mechanisms of metal corrosion [2�/4]. Despite

extensive previous studies the microscopic (defect)

structure of Ni electrode surfaces and the complex

atomic-scale processes underlying metal corrosion and

oxidation in an electrochemical environment are con-

siderably less understood than those in Ni gasphase
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oxidation under ultrahigh vacuum (UHV) conditions

[5,6], mainly due to the lack of methods suitable for the

direct structural analysis of the Ni/electrolyte interface.

The latter has recently become possible by modern in
situ techniques, such as scanning probe microscopy

(STM, AFM), X-ray spectroscopy (XANES, EXAFS),

and surface X-ray diffraction (SXS). Here we present

results of a detailed in situ STM, in situ SXS, and

electrochemical study on the dissolution of oxide-free

and passivated Ni(111) electrodes in sulfuric acid

solution as well as on the formation and structure of

the passive layer on this surface.
Previous electrochemical studies of (usually polycrys-

talline) Ni in H2SO4 solution reported current�/voltage

curves with one or two passivation peaks and different

relative contributions of the peaks [7�/37]. Pronounced

discrepancies exist between these studies, which can be

attributed to differences in (i) sample structure and

quality (e.g. texture, defect density, impurity levels), (ii)

electrode pretreatment (preparation/reduction proce-
dures), (iii) solution composition (pH, concentration),

(iv) kinetics (sweep rate, passivation potential), and/or

(v) hydrodynamic conditions (stirring, gas bubbling).

The measured current is the sum of several different

anodic processes, namely active Ni dissolution, passive

layer formation, and (chemical) dissolution of the

passive layer, which can not be separated in current�/

voltage curves. Furthermore, these processes signifi-
cantly depend on the mass transport to the interface.

A complex reaction network was proposed by Arvia and

co-workers [28], however, due to the differences in the

experimental results the kinetics and mechanisms of

active Ni dissolution and passivation are still under

debate.

Data on the nature, composition, and structure of the

passive film, which is responsible for the excellent Ni
corrosion resistance, were predominantly obtained by

surface analytical techniques after transfer of the

samples from an electrochemical cell into UHV (ex

situ methods). A general problem of this approach is

that the emersion from the electrolyte as well as the

subsequent rinsing, drying and insertion into UHV can

strongly influence the composition (e.g. the water

content), thickness, and/or structure of the passive
film. In particular in strongly acidic solutions partial

dissolution of the film upon breaking the electrical

circuit is expected [4]. Ex situ studies by X-ray photo-

electron spectroscopy (XPS) [29,33,36,38�/42], second-

ary ion mass spectrometry (SIMS) [43], and in situ

Raman spectroscopy [44] revealed that the passive film

on Ni in H2SO4 solutions is composed primarily of NiO.

In addition, a hydroxide phase was observed, however,
the amount and chemical nature of hydroxylation (bulk

Ni(OH)2 or hydrated NiO) is not clear yet. Based on

these results a duplex structure of the film with an inner

layer of NiO and an outer layer of Ni(OH)2 was

proposed [29,33,36,39,41]. Measurements of the passive

film thickness in H2SO4 solution by various ex situ and

in situ spectroscopic methods found in general values in

the range of 10�/20 Å, but considerable variations were
reported by different groups [8,15,17,20,22,29,33,36,

38,39,41,42,45,46]. Furthermore, older studies reported

a constant thickness in the passive range [8,17,22,47],

whereas more recently a small gradual increase of the

passive film thickness with increasing potential was

found [29,33,36,41].

Data on the passive film structure were first obtained

by ex situ reflection high energy electron diffraction
(RHEED) experiments [16,17,22,47], which indicated

that the passive film is composed of nearly stoichio-

metric NiO. In particular, a well-defined epitaxial (111)-

oriented NiO layer was found on Ni(111) single crystals

[16]. Atomic-resolution STM observations of the passive

film structure on Ni(111) were first reported by Maurice

et al. [48,49], who studied the surface structure of

passivated electrodes ex situ in air. They observed a
hexagonal atomic lattice with a lattice constant close to

bulk NiO(111) and a characteristic step structure, which

was attributed to an oxide phase tilted with respect to

the Ni(111) substrate. These results were later confirmed

by in situ STM studies by Suzuki et al. [32] and Zuili et

al. [33,36]. Depending on the tunneling conditions, an

additional ‘grainy’ morphology was observed by Zuili et

al. and assigned to the outer layer of the passive film,
consisting of an amorphous hydroxide. In contrast to

those studies, indicative of a (partly) crystalline passive

film on Ni, a highly disordered passive layer was

reported in an in situ EXAFS study and attributed to

an amorphous hydrated polymeric film [50]. Very

recently, we presented first in situ SXS results of oxide

films on Ni(111), which directly confirm the model by

Maurice et al. and give detailed data on the NiO lattice
parameters of the oxide layer formed in air and of the

passive film [51]. According to these measurements the

crystalline inner part of the passive film consists of

NiO(111) crystallites with a well-defined antiparallel

(NiO[/11̄0]/jjNi[/1̄10]/) orientation, which are tilted relative

to the substrate with a broad angular dispersion of the

tilt angle centered at �/3.38. In contrast, the air-formed

oxide was found to be untilted and exhibited antiparallel
(NiO[/11̄0]/jjNi[/1̄10]/) as well as parallel (NiO[/11̄0]/jjNi[/

11̄0]/) oriented domains.

In contrast to oxide films formed in the gasphase, the

passive film is not static, but seems to continuously

dissolve and reform in the passive potential regime,

resulting in a (very low) net dissolution current. Radio-

tracer experiments in H2SO4 solution indicated the

complete exchange of the oxygen within the film on a
time scale of several minutes up to 1 h, with the rate of

replacement apparently increasing with lower pH

[52,53]. The stability of the passive film against open

circuit breakdown and cathodic reduction was exten-
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sively studied by electrochemical techniques and a

pronounced dependence of the film stability on the

formation conditions (e.g. pretreatment, pH, and time

of anodization) was reported [17,26,54�/57]. Since a
similar composition, structure and thickness of the oxide

film was found in these studies, the differences in

stability were attributed to a different defect density of

the oxide.

In addition, the surface structure and the dissolution

of metallic Ni were investigated by in situ STM in

different electrolytes [32,33,36,58�/60]. On electrochemi-

cally reduced Ni(111) electrodes in H2SO4 solution a
terrace morphology and a (1�/1) lattice was observed

on the nanometer and the atomic scale, respectively

[32,33,36]. Furthermore, it was suggested that in H2SO4

solution anodic dissolution at low rates proceeds via

step-flow in a layer-by-layer mode [32].

Here we present a detailed study of Ni(111) electrodes

in H2SO4 solution by the complementary techniques of

in situ STM and in situ surface X-ray scattering
methods, such as X-ray diffraction and X-ray reflectiv-

ity. STM measurements were employed to investigate

the local surface structure and morphology of bare and

oxide-covered Ni electrodes as well as for time-resolved

studies of the local dissolution processes in the active

and passive state and of passive layer formation. SXS

was utilized for the precise determination of the (three-

dimensional) lattice structure, the average oxide grain
size, and the thickness of the crystalline part of the oxide

layer. Furthermore, the X-ray reflectivity measurements

provided data on the surface structure of reduced (i.e.

oxide-free) Ni electrodes. In addition, we present data

on the electrochemical behavior of these structurally

characterized Ni(111) electrodes, obtained by conven-

tional electrochemical methods. Our work focuses on

the regime of strongly acidic solutions, typically 0.05 M
H2SO4 (pH 1.0), which has not been studied by in situ

methods yet and is particular difficult to access in ex situ

studies.

2. Experimental

All experiments were performed using two Ni(111)

single crystals (Matek, 99.99%) and identical prepara-
tion procedures, following the method described in the

literature [16,32,33,36,48,49]. The samples had been

oriented within 5/0.38, mechanically polished down to

0.03 mm, and electropolished in �/57% H2SO4. Prior to

each experiment the Ni crystal was annealed for 3�/15 h

in a H2 stream at 1273 K, cooled to room temperature,

exposed to air, and then transferred within 1�/5 min into

the cell for the STM, X-ray scattering, or electrochemi-
cal measurements. For in situ measurements the sample

was immersed into the electrolyte at the open circuit

potential (OCP) or under potential control at potentials

between �/0.60 and 0.50 V versus a Ag/AgCl (sat.)

reference electrode. All potentials are quoted with

respect to this reference. Unless stated otherwise, 0.05

M H2SO4 solution (pH 1.0) was used as electrolyte,

prepared from suprapure H2SO4 (Merck) and ultrapure

water (Millipore).

Electrochemical measurements were predominantly

performed in a separate electrochemical glass cell in

hanging meniscus geometry using a BAS CV-27 poten-

tiostat and a home-built PC-based data acquisition

system. Similar measurements were also made in the

X-ray and STM cells, however, the current here contains

significant contributions of the polycrystalline crystal

edges and the Ni contact wire, which are exposed to the

electrolyte in these cells.

For the STM experiments the home-built instrument

described in Ref. [61] and electrochemically etched W-

tips coated with Apiezon wax were used. STM images

were recorded in constant current mode at tunneling

currents of 1�/100 nA and are displayed as grayscale

images with darker colors corresponding to lower sur-

face areas. For the ex situ measurements in air a

tunneling bias of �/500 to �/1200 mV was employed

whereas for the in situ imaging of air-formed oxide after

immersion at passive potentials the tunneling bias was

typically set between �/600 and �/900 mV. Although the

in situ imaging of reduced Ni samples was possible with

various tunnel parameters, best stability and quality of

imaging was achieved if the tip potential was held

negative with respect to the sample potential at a bias

of �/50 to �/300 mV.

X-ray diffraction and reflectivity data were obtained

at beamline X22A of the National Synchrotron Light

Source using a wavelength of 1.20 Å, a liquid N2-cooled

Ge detector, and a similar cell for in situ SXS experi-

ments as described in Ref. [62]. The data were recorded

with the sample being covered by a �/10 mm layer of

electrolyte, contained by a 4 mm prolene window, and

the cell surrounded by an N2 atmosphere for deoxy-

genation of the electrolyte. During electrochemical

reduction or passivation the prolene window was

inflated to a thickness of 5�/10 mm. After potential

changes the cell was generally kept inflated for ]/15 min

before the SXS measurements were continued to ensure

that a steady-state was obtained. The hexagonal co-

ordinate system [62] of the Ni(111) substrate was used,

where Q�/(a�Ni, b�Ni, c�Ni)(H , K , L ) with the lattice

vectors a�Ni�/b�Ni�/8p //
ffiffiffi

6
p

/a�/2.912 Å�1 parallel and

c�Ni�/2p //
ffiffiffi

3
p

/a�Ni�/1.029 Å�1 perpendicular to the Ni

surface (aNi�/3.5238 Å). In the diffraction experiments

the resolution was limited by 2 mm slits (corresponding

to an detector acceptance of 3 mrad) or 1 mrad Soller

slits and by the mosaic spread of the Ni single crystals of

0.04�/0.108. For the X-ray reflectivity data rocking

curves were recorded at various points along the
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specular axis, which were then fitted by Gaussians. The

reflectivity curves are the integrated peak intensities,

normalized by the incident beam intensity. Further

details on the SXS experiments are given in Ref. [51].

3. Results

3.1. Electrochemical measurements

The electrochemical behavior of Ni depends strongly

on the structure and morphology of the electrode

surface as well as on the preparation procedure used.

For comparison with previous data, we therefore

describe first the electrochemical measurements on

Ni(111) single crystal electrodes prepared analogous as

for the X-ray and STM measurements before we discuss

the structural data. The experiments were performed
with freshly H2-annealed Ni(111) samples in 0.05 M

H2SO4 (pH 1.0) which were immersed under potential

control at �/0.60 V and kept for 15 min at this potential

to reduce electrochemically the oxide formed by air

exposure during sample transfer.

Current�/voltage curves (Fig. 1a) show the character-

istic passivation behavior, i.e. an initial increase of the

anodic current density due to active metal dissolution
followed by a sudden drop of the current density

corresponding to passive layer formation. In the quasi-

stationary polarization curve (0.5 mV s�1, solid line)

anodic dissolution commences at about �/0.25 V and

peaks at �/0.10 V with �/1.4 mA cm�2 peak current

whereas in the cyclic voltammogram (10 mV s�1, dotted
line) the onset of the anodic current is shifted 0.05 V

cathodically to about �/0.30 V and reaches its maximum

of �/3.6 mA cm�2 at 0.00 V. The polarization curves

exhibit a distinct shoulder at �/�/0.03 V, on the positive

side of the passivation peak, which might be attributed

to contributions of defects, i.e. surface regions which are

passivated only at more positive potentials, or to

contributions of charge transfer reactions associated
with compositional changes of the passive film, e.g. the

conversion of intermediately formed Ni(OH) to

Ni(OH)2 [28]. Due to the pronounced metal dissolution,

the anodic charge in the passivation peak (�/44 mC

cm�2 in the cyclic voltammogram and �/200 mC cm�2

in the polarization curve) is considerably larger than

that required for the formation of the passive film.

Within the passive range (0.20�/0.90 V) the residual
current density decreases slightly with increasing poten-

tial. Similar curves for freshly annealed Ni(111) samples

in H2SO4 solutions were reported by other groups

[32,33,36]. During the reverse cathodic scan the current

density in the cyclic voltammogram remains approxi-

mately constant down to �/0.35 V. At more negative

potentials the cathodic current gradually increases due

to H2-evolution [22]. The absence of a distinct NiO
reduction peak, as previously observed in less acidic

H2SO4 solutions [23,32,33,36], may be explained by

overlap with this pronounced H2-evolution current.

In addition, the electrochemical response of identi-

cally prepared samples upon a potential step into the

passive region was studied, which was the typical

method by which the passive film was formed in the

X-ray measurements. Fig. 1b shows the current transient
on a logarithmic scale (solid line) and the integrated

charge (dotted line) for a potential step from �/0.40 to

0.50 V. The initial current density of �/12�/15 mA cm�2

(depending on the particular experiment) decays rapidly

within the first 2 s after the potential step, reflecting the

passivation of the sample, followed by a more gradually

decline of the current with time. The current density

curves reveal a shoulder, located (depending on the
experiment) between 2 and 12 s, which might be

attributed to processes associated with nucleation,

growth, and/or reorganization of the passive layer

superimposed on a decaying current caused by metal

dissolution. The passive current density measured 60

min after the potential step to 0.50 V was typically 1 mA

cm�2. Assuming that the passive film has reached its

steady-state thickness and that the entire residual
current corresponds to continuous dissolution and

reformation of the film, this corresponds to the replace-

ment of one NiO monolayer every �/7 min. In the first

25 s after the potential step a charge of 6�/8 mC cm�2,

Fig. 1. Electrochemical characterization of freshly H2-annealed

Ni(111) single crystal electrodes in 0.05 M H2SO4. (a) Current�/

potential curves recorded after 15 min reduction at �/0.60 V with

sweep rates of 0.5 (solid line) and 10 mV s�1 (dotted line). (b) Current

transient on a logarithmic scale (solid line) and integrated charge

(dotted line) during a potential step from �/0.40 to 0.50 V. Previously,

the sample was reduced by 15 min polarization at �/0.60 V.
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depending on the experiment, was accumulated (Fig. 1b,

dotted line). If an oxide thickness of five to six layers is

assumed (see Section 3.3), 55�/75% of the charge

correspond to Ni dissolution. The potential step experi-
ments show clearly that, even in strongly acidic solution,

passivation is established very rapidly after the potential

step.

3.2. STM measurements

3.2.1. Surface structure of air-formed oxide

Prior to the in situ STM experiments, the surface

structure of the air-formed oxide on freshly H2-annealed
Ni(111) samples was studied in air. The ex situ STM

images reveal a characteristic morphology with up to �/

2000 Å wide terraces covered by a large number of

islands (Fig. 2a). The steps separating the terraces

(example marked by arrow in Fig. 2a) are usually

2.09/0.2 Å (or multiples thereof) high, i.e. in good

agreement with the Ni(111) layer spacing (2.03 Å), and

are hence assigned to steps of the Ni(111) substrate.
In contrast, the heights of the islands on the terraces

clearly deviate from the Ni(111) layer spacing. Smaller

scale images (Fig. 2b) reveal two types of islands on

terraces, in the following referred to as A-type (marked

with arrows) and B-type (marked with circles) islands.

The A-type islands exhibit lateral dimensions up to 400

Å and a uniform, well-defined height of 2.59/0.2 Å.

Their average density on extended terraces is �/1011

cm�2. Frequently, the A-type islands exhibit a triangu-

lar shape (see Fig. 2b), with the island edges oriented

along the main crystallographic directions of the

NiO(111) surface, according to atomic resolution images

(see below). Some of the A-type islands apparently have

coalesced to larger aggregates due to lateral island

growth. Based on the island height, which agrees well

with the NiO(111) layer spacing (2.41 Å), and previous
structural results [51,63�/65] (see also Section 3.3), the

A-type islands are attributed to NiO(111) islands on top

of a closed, several layer thick NiO(111) film. The

cluster-like B-type islands exhibit usually lateral sizes of

15�/150 Å and apparent heights of 1�/5 Å, which vary

widely within each island as well as between different

islands, indicating an ill-defined structure. The B-type

islands are predominantly located on top and at the
edges of the A-type islands. Their surface density is

about two to five times higher than that of the A-type

islands. Most likely, the B-islands represent clusters of

an amorphous or poorly ordered oxide phase. In

addition to the islands, a small amount of pits with a

total coverage B/0.01 ML is observed on the terraces,

which can be attributed to defects in the oxide film.

Finally, atomic resolution images of the air-formed
oxide reveal a hexagonal lattice with interatomic dis-

tances of 3.19/0.2 Å (inset in Fig. 2a). In accordance

with our SXS results on the air-formed oxide (see also

Section 3.3) [51] as well as with previous ex and in situ

STM observations [32,33,36,48,49], this structure is

assigned to a NiO(111)-(1�/1) lattice. In summary,

these observations suggest that the annealing procedure

results in an (oxide-free) Ni surface with atomically

smooth terraces, which are covered by a thin, highly

uniform NiO layer after exposure to air.

Fig. 2. Ex situ STM images showing the surface structure of air-

formed oxide on Ni(111). (a) Large-scale image with extended terraces

(4000�/4000 Å2, Ubias�/�/750 mV, It�/1.0 nA) and (b) image

obtained within a single large terrace (900�/900 Å2, Ubias�/�/850

mV, It�/1.6 nA). An unfiltered atomic resolution image of the

hexagonal NiO(111)-(1�/1) structure (30�/30 Å2, Ubias�/�/750 mV,

It�/8.3 nA) is displayed as inset in (a). White arrows and circles in (b)

indicate examples of A- and B-type islands (see text). All images were

recorded in air, (a) �/300 min, (b) �/135 min, and (inset) �/360 min

after the initial oxidation.
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3.2.2. Surface structure of reduced Ni(111) in 0.05 M

H2SO4

In the next stage of the experiments the surface

structure of cathodically reduced Ni(111) samples in
0.05 M H2SO4 at potentials between �/0.50 and �/0.25

V, i.e. in the potential range between cathodic reduction

and the onset of anodic dissolution, was studied by in

situ STM. Interestingly, no noticeable influence of the

immersion (at OCP or under potential control) and/or

the reduction procedure (polarization for 15 min at �/

0.60 V or ]/60 min at �/0.50 to �/0.40 V) on the surface

structure was found. After potentiostatic reduction a
surface morphology with up to 2000 Å wide terraces

separated by 1.99/0.2 Å (i.e. monolayer) high Ni(111)

steps is observed (Fig. 3a). The terrace edges are in

general rough and exhibit a high number of protrusions

and dents. The long-range step orientation is preferen-

tially along the main crystallographic directions of the

Ni(111) surface. These observations are in general

agreement with previous in situ STM results in less
acidic H2SO4 solutions [32,33,36].

In all experiments monolayer deep, irregularly-shaped

pits with lateral dimensions of 20�/100 Å and total

coverages 5/0.1 ML are found in the terraces directly

after reduction at cathodic potentials (Fig. 3b). Their

density varies between 2�/1010 and 8�/1011 cm�2 from

experiment to experiment as well as with the probed

location on the same sample. Similar pits were also
observed by Zuili et al. [33]. The terrace morphology

and the pits are stable for periods up to several hours

throughout the entire potential range from reduction

(�/�/0.50 V; at lower potentials no stable imaging was

possible due to considerable H2-evolution) up to the

onset of dissolution (�/�/0.25 V). In this potential

regime no significant potential- or time-dependent

structural changes, such as step movement, step facet-
ing/smoothening, pit formation and growth, or filling of

existing pits, occur, indicating a very low Ni(111)

surface mobility as well as the absence of metal

dissolution or redeposition processes under these con-

ditions. In addition, in a few experiments islands with

diameters of typically 20�/150 Å, heights of 1.0�/3.0 Å,

and densities up to 5�/1011 cm�2 were observed on the

terraces (images not shown). Based on their (apparent)
height, some of the islands can be attributed to

monolayer high Ni islands, whereas others are probably

(remaining) oxide/hydroxide islands on the Ni(111)

terraces. The occurrence of such islands is probably

related to irregularities during sample preparation,

transfer, and/or reduction.

On the atomic scale a hexagonal lattice with intera-

tomic distances of 2.69/0.2 Å could be observed in the
potential range from �/0.40 to �/0.20 V (Fig. 3a, inset).

This lattice structure again is in agreement with the

previous in situ STM studies [32,33,36] and, as in those,

assigned to the Ni(111)-(1�/1) structure. In none of our

experiments any indication of an ordered superstruc-

ture, e.g. due to a sulfate adlattice such as previously

reported on other fcc(111) metals in H2SO4 solution

[66�/71], was found.

3.2.3. Anodic dissolution of Ni(111) in 0.05 M H2SO4

The dissolution behavior of Ni(111) in 0.05 M H2SO4

is illustrated by the in situ STM images presented in Fig.

4, which were selected from a continuous series recorded

Fig. 3. In situ STM images showing the surface structure of Ni(111) in

0.05 M H2SO4 after potentiostatic reduction. (a) Large-scale image

recorded at �/0.27 V showing extended terraces (5500�/5500 Å2,

Ubias�/�/150 mV, It�/16 nA). The apparent curvature of the steps is

an artifact caused by nonlinearities of the piezo. (b) Image of a single,

large terrace recorded at �/0.34 V (1500�/1500 Å2, Ubias�/�/300 mV,

It�/10 nA), showing the characteristic monolayer deep pits in the

terraces. An unfiltered atomic resolution image of the hexagonal

Ni(111)-(1�/1) structure (30�/30 Å2, Ubias�/�/77 mV, It�/250 nA),

acquired at �/0.40 V, is displayed as inset in (a). The images were

recorded after (a) �/440 min and (b and inset) �/235 min exposure to

the solution.
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in the same surface area (due to drift effects the terraces

in subsequent images are slightly shifted downwards and

to the left). The image in Fig. 4a was recorded at a

potential of �/0.36 V after reduction and 420 min of

previous polarization at more cathodic potentials and

shows the characteristic long-range morphology of the

initial surface. Nine terraces are visible, which are

ascending from the lower left to the upper right corner

of the image and are separated by monolayer high steps.

In the terraces the characteristic monolayer deep pits

can be seen. Subsequently, the potential was increased in

steps of 20 mV every 8 min. Up to �/0.24 V (Fig. 4b) no

significant morphological changes are observed. Due to

the thermal drift of the STM a �/6 Å deep pit with a

diameter of �/100 Å is now visible at the upper right

corner of Fig. 4b (marked with an arrow). Further 12

min later at �/0.20 V (Fig. 4c) noticeable etching has

occurred at some positions along the steps of the

Fig. 4. Series of in situ STM images showing changes of the surface structure during anodic dissolution of Ni(111) in 0.05 M H2SO4 (1500�/1500 Å2,

It�/10 nA). (a) Initial surface at �/0.36 V (t�/0 min, Ubias�/�/70 mV) after potentiostatic reduction and �/420 min of exposure to the solution. (b�/

f) Subsequent images of the Ni surface (b) at �/0.24 V (t�/36 min, Ubias�/�/90 mV), (c) at �/0.20 V (t�/48 min, Ubias�/�/130 mV), (d) at �/0.16 V

(t�/60 min, Ubias�/�/100 mV), (e) at �/0.16 V (t�/66 min, Ubias�/�/100 mV), and (f) at �/0.12 V (t�/82 min, Ubias�/�/90 mV). The circles in (b)

and (c) mark a site, where material removal via step-flow commences.
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terraces and of the monolayer deep pits (an example is

marked by circles in Fig. 4b and c), whereas changes in

the size or the depth of the large pit at the upper right

corner can not be detected. This potential is in good
agreement with the onset of a noticeable anodic current

in the quasi-stationary polarization curve (see Fig. 1a).

The step-flow etching proceeds not uniformly but with

pronounced local differences in the dissolution rates.

Local redeposition processes, as found e.g. for Cu(100)

dissolution in H2SO4 [72], were not observed, even at the

onset of dissolution. In the further course of the

experiment (Fig. 4d), this step flow etching results in
the progressive dissolution of the terraces with the etch

rate increasing with increasing potential. Due to the

non-uniform etch rate along the steps as well as due to

merging of monolayer pits with neighboring terrace

edges, dents emerge in the steps, resulting in a sub-

stantial step roughness with increasing potential and

time. At the same time, the deeper pit at the upper right

corner of the image starts to rapidly grow laterally and
vertically (Fig. 4d). Further 6 min later at the same

potential (Fig. 4e), this pit has reached a depth of �/20

Å and a diameter of �/500 Å. This type of locally

enhanced dissolution via three-dimensional pit growth

was generally observed in the experiments and leads to

an increased surface roughness at higher anodic poten-

tials. As can be seen in the next image (Fig. 4f), obtained

16 min later at �/0.12 V, the growth of the large pit has
significantly slowed down, however, additional larger

3D pits have evolved on the surface (marked by circles).

Interestingly, the 3D pits do not form at bulk defects,

such as screw dislocations or inclusions, but on an

apparently undisturbed Ni(111) substrate (the influence

of surface defects, in particular steps, could not be

assessed due to the high step density). In the surface

areas surrounding the pits the atomically smooth
terraces of the Ni(111) surface remain visible, indicating

that these areas are free of the passive film. Conse-

quently, these areas are either still in the active state or

only covered by an adsorbate layer. At more positive

potentials no stable STM images could be obtained in

this series, which was a general problem of the experi-

ments in the regime of high dissolution rates.

These observations, i.e. a step-flow mechanism in the
entire range of dissolution and the parallel formation of

3D pits at more anodic potentials, were supported by

other in situ STM experiments on Ni(111) in 0.05 M

H2SO4. In addition, these measurements revealed a

dependence of the active Ni dissolution on the rate of

potential increase: In experiments where the potential

was increased at a very low rate, such as in that shown in

Fig. 4, dissolution usually commenced at potentials in
the range �/0.25 to �/0.20 V, whereas at higher rates of

potential increase marked dissolution was often ob-

served only at more anodic potentials and frequently

coincided with passive film formation (see below). In a

similar way, the initiation potential and the kinetics of

the 3D pit formation and growth, which is the dominant

dissolution mechanism at more anodic potentials, also

varied from experiment to experiment. Finally, also the
spontaneous slow down or complete stop of 3D pit

grow, described above, were observed in other experi-

ments, suggesting (re-) passivation of these highly active

areas. A more detailed discussion of the Ni dissolution

behavior, in particular of the unusual pitting of the

oxide-free surface, will be given in Section 4.3.

3.2.4. Passive film formation on Ni(111) in 0.05 M

H2SO4

The formation of the passive film on Ni(111) in 0.05

M H2SO4 was studied by similar series of STM images,

recorded during the stepwise increase of the potential

from the stability range of the reduced metal into the

passive range. To prevent surface roughening due to

anodic dissolution the potential was increased at a

higher rate (see above). As an example, four consecutive

images from a series where the potential was increased
from �/0.40 to 0.05 V by 50 mV every 6 min are shown

in Fig. 5. Up to the image in Fig. 5a, obtained 180 s after

the potential step to 0.05 V, no significant changes in the

topography had been observed. In the subsequent image

(Fig. 5b), however, sudden drastic changes in surface

structure are found. During the first �/20 s (Fig. 5b,

upper half), the observations indicate the removal of an

entire monolayer via step-flow dissolution. At later
times the surface roughness increases (Fig. 5b, bottom

half), suggesting rapid metal dissolution via 3D pit

growth. The formation of these 3D pits seems to occur

favorably at the location of the monolayer deep pits

visible in the center of the previous image (Fig. 5a).

Parallel to these dissolution processes, small islands with

diameters of 20�/100 Å and apparent heights of 1�/2 Å

(see also cross-section in Fig. 5e) emerge, which
apparently nucleate preferentially along the Ni steps.

With time the number of these islands increases

continuously until the surface is entirely covered at

t�/180 s. A similar grain-like morphology was reported

in the in situ STM studies of passivated Ni(111) in

H2SO4 solution by Zuili et al. [33,36]. Following their

interpretation, this morphology is attributed to the

amorphous outer part of the passive layer consisting
of a Ni oxide/hydroxide phase. This view is also

supported by the simultaneously measured electroche-

mical current, which exhibited a sharp drop parallel to

these morphological changes. In the further course of

the experiment (Fig. 5c and d), a coarsening of the

islands is observed, in which the grain-like morphology

is gradually transformed into a highly stepped structure

characterized by terraces with widths of 20�/60 Å,
separated by parallel oriented steps. The terraces are

tilted by 3�/158 with respect to the bare Ni(111) surface

visible in Fig. 5a (see cross-section in Fig. 5b). Again,
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these observations are in good agreement with previous

STM observations of the passive film on Ni(111)

surfaces [32,33,36,48,49], where such stepped morphol-

ogies were attributed to the inner (crystalline) NiO(111)

part of the passive film (for a more detailed discussion

see Sections 4.2 and 4.3). Whereas the grainy structure

could be always imaged after passivation, stepped

structures were only observed in some of the experi-

ments. This may be caused by differences in the

tunneling conditions (Ubias, It, and/or state of the tip),

Fig. 5. Series of in situ STM images (800�/800 Å2, Ubias�/�/310 mV, It�/2.51 nA) showing time-dependent morphological changes during passive

layer formation at 0.05 V in 0.05 M H2SO4. (a) Reduced Ni surface at t�/0 s, recorded after potentiostatic reduction at cathodic potentials and a

subsequent, fast stepwise increase of the potential. (b�/d) Subsequent images, recorded at (b) t�/180 s, (c) t�/90 s, and (d) t�/270 s (scan direction

indicated by arrows). The gray stripe in (c) is an artifact caused by a readjustment of the z -scale. (e) And (f) cross-sections at the positions of the black

lines in (b) and (d), which illustrate the increased roughness and the formation of the stepped morphology.
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which reportedly can determine whether the stepped

morphology of the crystalline NiO or the grain-like

morphology of the outer hydroxide layer are imaged

[33,36], or by differences in the tip resolution.
In the STM experiments passivation was often

accompanied by severe instabilities in the imaging,

either due to high local dissolution rates prior to passive

film formation or, more likely, due to the formation of

insulating or semiconducting oxide particles. Further-

more, although the general features of passive film

formation were the same, noticeable differences in the

passivation potential (between �/0.05 and 0.10 V) and in
the kinetics of the processes associated with passivation

were observed. These effects might be related to changes

in pH in the rather small STM cell. For direct

comparison with the X-ray results, also experiments

were performed in which the surface was passivated

after reduction by potential steps into the passive regime

(0.30�/0.90 V). In this case, however, no reproducible,

stable imaging of the passive film was possible, despite a
wide variation of the tunneling conditions. This prob-

ably has to be attributed to the formation of a thicker

and therefore (locally) less conductive film at more

positive potentials (see Section 3.3) as well as to the

considerable surface roughening caused by the anodic

dissolution during passive layer formation in 0.05 M

H2SO4 solution (see above). Due to the lower pH these

Ni dissolution processes are much more pronounced as
in the previous in situ STM studies, where observation

of the passive film was possible [33,36]. The latter

studies also revealed an increase in roughness with

more anodic passivation potential, which may explain

why samples could be imaged after passivation at �/

0.00 V, but not after passivation at more anodic

potentials (]/0.30 V).

3.2.5. Structure of air-formed oxide on Ni(111) after

immersion in 0.05 M H2SO4

In addition to in situ STM experiments on reduced

Ni, the surface structure and morphological changes of

air-formed oxide covered Ni(111) electrodes in 0.05 M

H2SO4 were studied in experiments, where the annealed

samples were directly immersed under potential control

at potentials in the passive range (i.e. without prior

reduction). The typical surface morphology observed
under these conditions is illustrated by the image shown

in Fig. 6a, which was acquired 90 min after immersion at

0.50 V. On the image large terraces covered by a high

density of pits and some islands are visible. The terraces

were usually separated by steps with heights of 2.09/0.2

and 2.59/0.2 Å, which can be attributed to monolayer

NiO(111) oxide and Ni(111) substrate steps, respec-

tively. The pits usually exhibited diameters of 20�/100 Å
and apparent depths of about 2.5 or 5.0 Å (Fig. 6b), i.e.

one or two NiO(111) layers. They seem to be preferen-

tially localized at the steps of the NiO film. The density

of the pits (�/5�/7�/1011 cm�2) is much higher than

that observed in the ex situ STM experiments of the air-

formed oxide in air (see Fig. 2), which is attributed to pit

formation via local oxide dissolution (e.g. at defects in

Fig. 6. (a, c) In situ STM images (1500�/1500 Å2) and (b, d)

corresponding cross-sections of Ni(111) surfaces after direct immersion

of air-formed oxide into 0.05 M H2SO4 at 0.50 V: (a, b) Ni surface

after �/90 min at 0.50 V (Ubias�/�/800 mV, It�/0.4 nA). (c, d)

Different location on the same sample after �/200 min at 0.50 V

(Ubias�/�/900 mV, It�/1 nA).
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the initial air-fomed oxide) after contact with the

electrolyte solution. Such pits were already found in

the first images (�/10 min after immersion), demon-

strating that at least a part of them is formed already
after very short times. Overall, the surface morphology

is rather smooth compared with that formed by

passivation of reduced samples, which is also indicated

by the X-ray reflectivity data (see below). This suggests

that the air-formed oxide effectively blocks the anodic

dissolution.

For longer immersion periods at constant potential

gradual changes in the surface morphology are observed
on a timescale of hours, resulting in an increasingly

grainy appearance (Fig. 6c). Generally, the surface is

totally covered by grains after 120�/180 min. The lateral

grain sizes are between 20 and 100 Å, i.e. of similar

dimensions as those observed during passive layer

formation (see above). The pits formed in between the

grains in the earlier stages remain visible, but exhibit

now depths up to 10 Å, suggesting a thickening of the
oxide film and/or further dissolution via pit growth (Fig.

6d). Following the assignment by Zuili et al. [33,36], the

formation of the grainy structure might be caused by the

precipitation of a (possibly amorphous) hydroxide layer

on top of the crystalline oxide and/or a gradually

increasing degree of hydration of the upper oxide layers.

3.3. X-ray scattering measurements

3.3.1. Passive film structure in 0.05 M H2SO4

First, the main results of our recent in situ X-ray

scattering study on the structure of the passive film

formed on reduced Ni(111) electrodes by passivation in

0.05 M H2SO4 (pH 1.0) at 0.50 V [51] are summarized.

The corresponding geometry in reciprocal space is

shown schematically in Fig. 7. Here circles and bold

lines indicate Bragg peaks and crystal truncation rods
(CTRs) of the Ni(111) substrate, respectively, whereas

the oxide diffraction peaks are indicated by triangles.

For the passive oxide broad peaks are observed at

(a�NiOh ?, a�NiOk ?, c�NiO(2h ?�/k ?�/3l ?)) with h ?, k ?, l ?�/0,

9/1, 9/2, . . . (a�NiO and c�NiO are given in units of a�Ni and

c�Ni, respectively). This diffraction pattern corresponds

to a (111)-oriented fcc-NiO phase with a well-defined

antiparallel in-plane orientation with respect to the
substrate (NiO[/11̄0]/jjNi[/1̄10]/), i.e. the ABC Ni(111)

stacking sequence is followed by BAC NiO(111) fcc-

stacking. We attribute this phase to the inner crystalline

part of the passive layer. Transverse scans across the

first- (Fig. 8a,b) and second-order (Fig. 8c) peak

positions (a�NiO, a�NiO, 0), (a�NiO, 0, c�NiO), and (a�NiO, 0,

c�NiO) show the characteristic threefold symmetric dif-

fraction pattern of the antiparallel oriented NiO with
first order peaks (denoted by ‘AP’) at every 1208 and

second order peaks at every 608 (solid lines; the data for

the in-plane peak at (a�NiO, c�NiO, 0) were recorded at

L�/0.2). The absence of peaks located inbetween the

maxima indicates that NiO(111) phases with different

in-plane orientations than the antiparallel oriented NiO

do not exist in significant amounts. In particular, no

first-order peaks at the 608 rotated positions (‘P’),

indicative of a parallel oriented NiO phase (see below),

are found for the passive film. Furthermore, despite

extensive searches, in none of the experiments a diffrac-

tion pattern characteristic of a fcc-NiO with different

surface-normal orientation or of other crystalline Ni

oxide/hydroxide phases, e.g. a Ni(OH)2 phase, was

found.

From the peak profiles along the radial and surface-

normal directions [51] (see also Fig. 10a,b), the (three-

dimensional) passive film lattice structure in 0.05 M

H2SO4 solution could be obtained in situ with high

precision. Table 1 summarizes the structural parameters

for passive oxide formed by a potential step from �/0.40

to 0.50 V [51]. According to these data, the oxide is

composed of NiO(111) crystallites with average dia-

meters B/100 Å, suggesting a high number of Ni nuclei

during passive film formation, and about five to six

layers thickness. The in-plane spacing of the passive

oxide is within the experimental error identical to that of

bulk NiO, however, the surface-normal spacing is

significantly expanded with respect to that of bulk

NiO. Since only the average vertical expansion is

obtained from the position of the peak maximum, it is

possible that only a fraction of the NiO layers is

Fig. 7. Schematic diffraction pattern showing the reciprocal space

positions of the Ni(111) substrate peaks (O), the Ni(111) CTRs (black

bold lines), and the peaks of the parallel (^) and antiparallel (\) NiO

phase (� indicates that the NiO peak positions overlap).
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expanded (by an even larger amount), whereas the

remaining fraction exhibits a bulk-like spacing. As will

be discussed in Section 4.5, this lattice expansion might

be explained by (partial) hydration and/or hydroxyla-

tion of NiO. Detailed mesh scans of the peaks revealed

that the NiO crystallites are tilted relative to the Ni(111)

substrate with a broad angular dispersion of the tilt

angle centered at about 9/3.38 [51], which is in agree-

ment with previous STM results [33,36,48,49].

In the following, new data on potential-dependent

changes of the oxide film structure are presented. Two

types of experiments were performed: First, similar as in

our previous study [51] passive films were formed on

reduced samples by a single potential step to a potential

in the passive range (method I). Second, after forming

an initial passive film by a potential step from �/0.40 to

0.30 V the potential was successively increased in steps

of 0.10 V and the passive film structure was studied after

each potential step (method II). In all of these experi-

ments only the antiparallel oxide phase was observed,

indicating that this orientation is preferred in an

electrochemical environment, independent of the poten-

tial or of the method by which the passive oxide is

formed. The measured in-plane and surface-normal

peak positions were identical with the values obtained

after passivation at 0.50 V, i.e. the NiO lattice constants

are independent of the formation conditions. Further-

more, the relative transversal and lateral widths of the

different diffraction peaks qualitatively indicate a simi-

lar tilt of the oxide lattice [51]. A quantitative descrip-

tion of the potential-dependence of the oxide structure

by detailed mesh scans, however, in particular of the tilt

and tilt distribution, was not possible due to beam time

constraints.

In the experiments by method I, where the oxide layer

was formed by single potential steps (to 0.30, 0.50, 0.70,

or 0.90 V), the radial peak widths tend to increase with

increasing passivation potential. This corresponds to a

decrease in the in-plane domain size of the passive oxide

with passivation potential, indicating an increase in the

number of oxide nuclei. In contrast, in experiments

employing method II the radial in-plane peak widths

remained approximately constant. In this case the in-

plane domain size most likely is determined by the

saturation density of oxide nuclei during the initial

Fig. 8. Transverse peak profiles through the three low-order peak

positions (a�/c) for passive oxide on Ni(111), obtained in situ at 0.50 V

in 0.05 M H2SO4 (solid lines). The exact positions are given in

brackets. Previously, the passive film was formed by a potential step to

0.50 V. For comparison corresponding profiles for air-formed oxide,

obtained ex situ under N2 (dashed lines), are shown. The positions

expected for the parallel and antiparallel NiO phases are marked with

arrows and denoted with P and AP, respectively.

Table 1

Overview of the structural parameters of passive oxide formed on Ni(111) by a potential step to 0.50 V in 0.05 M H2SO4 compared with those for air-

formed oxide on freshly H2-annealed Ni(111) [51]

Passive oxide Air-formed oxide

Surface-normal orientation NiO[111]jjNi[111] NiO[111]jjNi[111]

In-plane orientation (stacking sequence) NiO[/11̄0]/jjNi[/1̄10] (CBAB-

CA)

NiO[/11̄0]/jjNi[/1̄10] and NiO[/11̄0]/jjNi[/11̄0] (CBACBA and

CBABCA)

Tilt Yes No

In-plane spacing aNiO (Å) 2.9599/0.004 2.9989/0.004

In-plane lattice expansion relative to bulk NiO(111) (%) 0.1 2.5

Surface-normal spacing cNiO (Å) 7.509/0.01 7.419/0.01

Surface-normal lattice expansion relative to bulk

NiO(111) (%)

3.7 1.1

Average in-plane domain size (Å) 80 70�/120
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passive film formation (i.e. during the potential step

from �/0.40 to 0.30 V) and does not change during the

subsequent potential steps.

As mentioned above, the oxide lattice structure, the

tilt angle, and the tilt distribution seem to be indepen-

dent of potential and can be safely assumed to remain

unchanged after formation of the initial oxide film.

Consequently, the only potential-dependent changes

which have to be considered are changes in the thickness

of the crystalline oxide film, i.e. the vertical growth or

thinning of the inner passive layer with potential.

Assuming that all other lattice parameters are indepen-

dent of the potential, the oxide thickness can be easily

calculated from the width of the NiO diffraction peaks

along the surface-normal direction via the Debye�/

Scherrer formula. Indeed, a pronounced dependence of

the oxide thickness on the potential was obtained from

the L -widths of the peaks at (0, a�NiO, c�NiO) and (a�NiO, 0,

2, c�NiO) (Fig. 9a,c). Measurements of the thickness of

passive films formed by method II in 0.05 M H2SO4, pH

1.0 (Fig. 9b) and in 2.5 mM H2SO4/0.05 M Na2SO4, pH

2.7 (Fig. 9d) show an approximately linear increase of

the oxide thickness with potential between 0.30 and 0.80

V with slopes of (179/2) and (149/2) Å V�1. According

to these data the thickness of the (crystalline) oxide at

0.50 V is about 16 and 13 Å for the passive film in 0.05

M H2SO4 and 2.5 mM H2SO4/0.05 M Na2SO4, respec-

tively. (due to an incorrect subtraction of the consider-

able nonuniform background in the in situ SXS

experiments a higher passive film thickness of 24 Å

was reported in Ref. [51] for passivation at 0.05 V in

0.05 M H2SO4). The thicknesses reported here are based

on a detailed reanalysis of that data, where background
data obtained at f�/fpeak9/78 (see Fig. 7) was taken

into account). Interestingly, the oxide thickness de-

creases after the potential step to 0.90 V, which might

by rationalized by changes of the passive film due to the

onset of transpassive dissolution.

3.3.2. Dependence of the oxide film structure on the

environment

SXS measurements were also utilized to study the

structural changes in the oxide film on Ni(111) during

the different stages of the sample preparation, i.e. (i)
after H2 annealing and exposure to air, (ii) after

reduction in 0.05 M H2SO4 at potentials 5/�/0.40 V,

(iii) after immersion at potentials in the passive range,

(iv) after passivation by potential steps (see above), and

(v) after emersion of passivated samples from the

electrolyte. In Fig. 10 characteristic surface-normal

(Fig. 10a) and radial peak profiles (Fig. 10b) at (a�NiO,

0, 2, c�NiO) are shown, which illustrate the pronounced
changes of the NiO diffraction peaks under these

varying conditions. As shown previously [51], the air-

formed oxide on freshly annealed samples (Fig. 10a,

profile A and Fig. 8a,b) differs considerably from the

passive film. It is composed of both parallel (peak at

L �/0.8) and antiparallel (peak at L �/1.6) oriented NiO

Fig. 9. Potential-dependent (a,c) L-widths and (b,d) thickness of the passive oxide on Ni(111) in (a,b) 0.05 M H2SO4 (pH 1.0) and (c,d) 2.5 mM

H2SO4/0.05 M Na2SO4 (pH 2.7). Circles and triangles denote values calculated from the peaks at (0, a�NiO, L ) and (a�NiO, 0, L ), respectively. In these

experiments the potential was increased in steps of 0.10 V after formation of the initial oxide by a potential step from �/0.40 to 0.30 V. Solid lines in

(b,d) correspond to linear fits of the data and give slope of (179/2) Å V�1 at pH 1.0 and (149/2) Å V�1 at pH 2.7 for the potential-dependence of the

oxide thickness.
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domains, which are not tilted relative to the Ni

substrate. The peaks along L are rather broad, indicat-

ing an oxide film thickness of 7�/10 Å. The structural

parameters of the air-formed oxide are included in Table

1. After immersion at �/0.40 V and subsequent reduc-

tion by 15 min polarization at �/0.60 V in 0.05 M H2SO4

(Fig. 10, profile B) the oxide peaks have disappeared

(the residual structures in the scans, in particular the

small peak at H�/0.82, are caused by the nonlinear

background in the in situ experiments), indicating

complete removal of the NiO film.

In alternative experiments Ni surfaces covered by an

air-formed oxide were immersed (without prior reduc-

tion) under potential control at potentials in the passive

range. As an example of the NiO phase formed under

these conditions the profiles C in Fig. 10 are shown.

They were obtained after immersion into 0.05 M H2SO4

solution at 0.50 V and 360 min exposure to the solution

at this potential. In contrast to the ex situ data on the

air-formed oxide only peaks at (a�NiOh ?, a�NiOk ?,
c�NiO(2h ?�/k ?�/3l ?)) with h ?, k ?, l ?�/0, 9/1, 9/2, . . . (i.e.

only at L �/1.6 in Fig. 10a), corresponding to the

antiparallel orientation, are observed whereas peaks

corresponding to the parallel-oriented NiO phase are

absent or present only in very small amounts. Hence, the

oxide structure under these conditions is very similar to

that of the passive film formed on reduced samples by a

potential step to the same potential (Fig. 10, profile D).

Furthermore, also the widths of the peaks in the L - and

H -scans of profiles C are almost identical to those in the

profiles D, but strongly differ from those of the air-

formed oxide (profiles A). These observations indicate

that upon immersion in the passive range the air-formed

oxide is transformed into an oxide phase with similar

oxide thickness, lattice parameters (including orienta-

tion and tilt), and average domain size as those of the

passive film formed on the oxide-free surface by a

potential step. This transformation is attributed to the

continuous dissolution and reformation of the oxide in

the passive range [52,53] (see Section 4.4).

In addition, the structure of electrochemically formed

passive films was studied after emersion from the

electrolyte. In these experiments, the samples were

passivated in the electrochemical or SXS cell, emersed,

rinsed with ultrapure water and dried in a N2-stream. In

subsequent ex situ SXS measurements in a N2 atmo-

sphere (Fig. 10, profile E), started �/10 min after

emersion, similar peak intensities for the parallel and

the antiparallel orientation were found, whereas in in

situ SXS measurements performed directly before emer-

sion only the antiparallel-oriented oxide was present.

Although the intensities for emersed samples are always

significantly lower (here by a factor of 2�/3), the peak

widths in L are very similar prior to and after emersion

(here 0.165 and 0.163 Å�1 for the peak at L �/1.6),

suggesting that the thickness of the crystalline part of

the passive film does not change significantly during

emersion. Interestingly, a similar peak width, i.e. a

similar oxide thickness, is also found for the parallel-

oriented phase, which is formed in the emersion process.

Furthermore, almost identical radial peak widths for the

oxide film are observed in situ and ex situ after emersion

(here 0.063 and 0.067 Å�1, respectively). The signifi-

cantly lower peak intensities after emersion are surpris-

ing, since a similar film thickness should correspond to a

similar amount of NiO. They might be explained by a

less defined oxide structure, e.g. a large fraction of

differently oriented or tilted NiO grains or the presence

of other oxide/hydroxide phases on the surface. Finally,

it is noted that all these structural parameters clearly

differ from those of the oxide formed by exposure of H2-

annealed samples to air. As will be discussed in greater

detail in Section 4.4, these observations can be rationa-

lized (i) by partial dissolution of the passive film during

emersion and subsequent reformation of the oxide film

due to exposure to (moist) air and/or (ii) by conversion

of the hydroxide/hydrated oxide component of the

passive film.

Fig. 10. Dependence of the NiO structure on the environment

illustrated by surface-normal (a) and radial (b) peak profiles at one

low-order peak position (vertically shifted by 1, 3, 4.5, and 6 arbitrary

units, for better visibility). From top to bottom the curves show peak

profiles of samples (A) in air, covered by air-formed oxide, (B) in 0.05

M H2SO4 after 15 min cathodic polarization at �/0.60 V, (C) in 0.05 M

H2SO4 after �/360 min immersion under potential control at 0.50 V,

(D) in 0.05 M H2SO4 after reduction and subsequent passivation by a

potential step to 0.70 V, and (E) in air, (a) �/30 min and (b) �/60 min

after emersion from 0.05 M H2SO4. Solid lines represent Gaussian fits

of the peak profiles, the positions corresponding to the parallel and

antiparallel NiO phases are marked with arrows and denoted by P and

AP.
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3.3.3. X-ray reflectivity measurements

Parallel to the in-plane diffraction experiments spec-

ular X-ray reflectivity measurements were performed. In

Fig. 11 specular X-ray reflectivity data on the air-

formed oxide obtained ex situ under N2 (top, open

circles) as well as in situ data on the air-formed oxide

after immersion in 0.05 M H2SO4 (center, squares), and

after cathodic reduction of the air-formed oxide in 0.05

M H2SO4 (bottom, triangles) are presented. The reflec-

tivity R is plotted as a function of L in units of c�Ni, the

reciprocal surface-normal lattice spacing of Ni(111). For

clarity the plots are shifted along the y-axis (center �/

103, top �/107) and the error bars are omitted.

Obviously, the curves clearly differ in between the Bragg

reflections of the Ni(111) substrate at L�/3 and L�/6,

however, in all three cases measurable intensity is

obtained in the entire L range, indicating that the

surface is relatively smooth on the atomic scale.

The ex situ reflectivity profile of the air-formed oxide

exhibits at small L two broad peaks with maxima at

L �/0.8 and L �/1.6. Although qualitatively similar

curves were obtained, the comparison of different

experiments revealed slight differences in the position

and separation of these peaks. The intensity modula-

tions at small L are characteristic of an overlayer with

different (absolute) electron density than the substrate

and can be attributed to the presence of the NiO layer.

From the modulation period (peak separation) a the

thickness D of the overlayer was calculated using D�/

2p /a , which yields (depending on the particular experi-
ment) a thickness of 7.0�/10.3 Å for air-formed oxide.

This value agrees well with the oxide thickness deter-

mined from the width of L -scans and corresponds to

three to four layers of NiO(111).

For a more quantitative description, a model was

used where the oxide was described by a homogeneous

NiO(111) multilayer on the Ni(111) substrate. Variable

parameters were the density, thickness, and (Gaussian)
roughness of the oxide layer, the surface-normal

NiO(111) lattice distance, the average displacement

amplitude (Debye�/Waller factor) of the Ni2� and

O2� ions in the oxide lattice, and the spacing between

NiO and the Ni substrate. The best description of the

reflectivity data in Fig. 11 (Fig. 11, top, solid line) was

obtained for a 7.0 Å thick oxide with a small surface

roughness of 0.15 Å (corresponding to three complete
NiO layers with a 30% partially filled NiO layer on top),

a 13% reduced layer density as compared with bulk

NiO, and a 0.5% surface-normal expansion of the oxide

lattice, which is in good agreement with the diffraction

and STM data. The remaining discrepancies between the

fit and the experimental data can be attributed to

structural features not accounted by the model, e.g.

the cluster-like B-type islands observed by STM.
Reflectivity curves for air-formed oxide immersed at

�/0.40 V without previous reduction at more negative

potentials are shown in the center of Fig. 11 (filled

circles). According to in-plane diffraction data the air-

formed oxide is only slowly chemically dissolved and/or

reduced at this potential [51]. Around L�/1 a broad

peak is visible, indicating the presence of a NiO layer

with a considerably smaller thickness than that of the
air-formed oxide. Unfortunately, the oxide structure

changed considerably during the 60 min required for

obtaining the complete reflectivity curve (a second curve

recorded directly after resembled that of reduced Ni), so

that modeling of the data was not possible. Never-

theless, the data suggest qualitatively that the reduction

(at least at �/0.40 V) proceeds by a gradual, rather

homogeneous decrease in oxide film thickness rather
than by dissolution of successive individual oxide grains

via a nucleation and growth mechanism. A typical in

situ reflectivity curve for cathodically reduced Ni(111)

electrodes is shown at the bottom of Fig. 11 (triangles).

In this experiment the air-formed oxide was reduced by

15 min polarization at �/0.60 V and subsequently

characterized at �/0.40 V, to avoid H2-evolution during

the X-ray measurements. In contrast to the reflectivity
of the air-formed oxide no peaks are visible between

L�/0 and 2. This indicates that the oxide overlayer is

completely removed after reduction, which is in accor-

dance with the diffraction and STM results (see above).

Fig. 11. Specular X-ray reflectivity curves for air-formed oxide on

Ni(111) obtained ex situ (�/107, top, circles), in situ after immersion

into 0.05 M H2SO4 at �/0.40 V (�/103, center, squares), and in situ at

�/0.40 V (bottom, triangles) after previous reduction of the air-formed

oxide by cathodic polarization at �/0.60 V. In addition, calculated

reflectivity profiles are displayed for air-formed oxide (�/107, solid

line, top) and for reduced samples (solid line, bottom).
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Nevertheless, the curve clearly deviates from that of an

ideally terminated Ni(111) surface. In particular, a

pronounced minimum at L�/4.3 followed by a broad

shoulder around L�/5.1 is visible, which was found to
be characteristic of reduced samples.

To determine the origin of these features, the reflec-

tivity data were fitted to a quantitative model of the

interface, similar to that used by Wang et al. for the

description of the Au-electrolyte interface [62]. In this

model the surface-normal layer spacing, the atomic

displacement amplitude (Debye�/Waller factor), and

the density of the topmost Ni layer was allowed to
vary. The latter also allows to account for the mono-

layer deep pits observed by STM (see Section 3.2).

Furthermore, a chemisorbed adlayer on top of the Ni

surface and an adjacent, outer water layer was included

in the model (the presence of one or two layers of water

was also required for the description of reflectivity data

on Au and Ag [62,73]). As possible adsorbates oxygen

species, such as O, OH, OH2 and/or SO4
2�/HSO4

� (a
discrimination between those species is not possible due

to the very similar electron density), were considered.

However, since these adsorbate species are weak scat-

terers compared with Ni, the main contribution of the

reflected intensity is expected to result from the Ni

lattice. Within this model the characteristic features of

the experimental data, in particular of the shoulder

around L�/5.1, could solely be reproduced if the
topmost Ni-layer was only partially occupied (corre-

sponding to the presence of pits in the surface) and its

spacing to the underlying Ni substrate was slightly

expanded relative to bulk Ni. The best least-square-fit

of the experimental data (Fig. 11, bottom, solid line) was

obtained using an 80% occupied Ni surface layer with a

6% expanded surface-normal spacing, covered by a full

monolayer of chemisorbed oxygen 1.25 Å above the
topmost Ni layer. In addition, a rather broad layer

composed of O2� (or H2O) and located 2.40 Å above

the Ni surface layer was used. Although this choice of

parameters is not unambiguous and similar fits could be

obtained with slightly different parameter sets, the

model provides clear (semi) quantitative results on the

interfacial structure, i.e. an only partial occupation of

the topmost Ni-layer, a slight expansion of the spacing
between first and second Ni layer, and the presence of

an adsorbate.

4. Discussion

4.1. Ni(111) surface structure in air

We first briefly discuss the initial structure and
morphology of the Ni(111) surface prior to immersion

into the electrolyte, which is an important prerequisite

for an understanding of the in situ results. As shown by

the STM and SXS data, after annealing in H2 and

oxidation in air at room temperature, the Ni(111)

samples exhibited rather well-defined surfaces. Ob-

viously, the annealing procedure results in extended,
atomically smooth terraces on the metallic Ni. After

exposure to air an uniform, epitaxial NiO(111) film is

formed on this substrate, which exhibits a similar

morphology as that found in previous STM studies in

air [33,36,48,49] and in an UHV�/STM study of Ni(111)

oxidation [74]. Highly stepped morphologies, which are

apparently characteristic of tilted oxide overlayers on Ni

[33,36,48,49,75], are absent, in agreement with our
previous SXS results, where an untilted growth of the

air-formed oxide on the Ni(111) surface was found [51].

According to the SXS data the average oxide thickness

is three to four layers, which confirms previous results

[65,74,76�/78]. During the growth of the air-formed

oxide film each Ni layer is converted into 1.4 ML NiO

due to the 70% lower density of Ni atoms in NiO as

compared with that in Ni metal. Starting from a smooth
Ni substrate, this necessarily results in the formation of

an only partially filled NiO layer at the oxide surface

and/or the oxide/metal interface, which can explain the

presence of the (A-type) NiO(111) islands observed by

STM. As a consequence, local variations in the oxide

thickness of one to two layers are expected. Further-

more, the experimental results suggest that the entire

oxide film up to the surface layer crystallizes in a (111)-
oriented NiO lattice. Due to the rather high humidity in

air, the NiO(111)-(1�/1) surface is probably stabilized

by a OH-termination [74,79�/82]. In addition to the NiO

phase the STM images indicate the presence of an

additional Ni-oxide or -hydroxide phase (B-type islands)

The formation of this probably amorphous phase might

be induced by the high humidity, as suggested by the

observation of similar structures on top of passive films
on Ni(111), which were assigned to Ni-hydroxide

[33,36]. The mechanism of the oxide film growth,

although not explicitely studied here, most likely is

similar to that found under UHV conditions, where the

nucleation of oxide islands followed by lateral island

growth was inferred [5]. The small NiO domain size,

which is much smaller than the size of the Ni terraces

indicates a high (homogeneous) nucleation density,
whereas the observation of coalescing A-type islands

suggests island growth at the perimeter.

4.2. Surface structure of reduced Ni(111)

In accordance with previous electrochemical results

[22], the in situ STM and SXS measurements show that

the air-formed oxide on Ni(111) can be completely

reduced by cathodic polarization in 0.05 M H2SO4,
resulting in metallic Ni electrode surfaces with extended,

atomically smooth terraces, which are separated by

monolayer steps. In contrast to Ni(111) surfaces under
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UHV conditions, which exhibit after several sputtering

and annealing cycles smooth steps and defect-free

terraces [74], the terrace edges on reduced Ni(111)

surfaces are relatively rough and on the terraces
characteristic monolayer deep pits are found, similar

as reported by Zuili et al. in less acidic H2SO4 solution

[33]. This surface morphology is very stable in the

potential range between H2 evolution and the onset of

Ni dissolution/passivation. In particular, even on the

timescale of hours neither changes in the size and

number of pits nor in the shape of the steps occur,

indicating the absence of significant Ni mass transport
across the terraces or between the Ni surface and the

electrolyte as well as a rather low mobility of Ni atoms

along the step edges. Consequently, the characteristic

morphological features found in the electrochemical

environment, especially the monolayer deep pits, do

not result from corrosion reactions, but have to result

from the sample preparation procedure.

Most probably, the pits originate from long-range Ni
mass transport during the formation of the NiO film in

air and its subsequent reduction. Because of the

different Ni density in NiO and metallic Ni (see above),

the oxidation/reduction involves substantial structural

rearrangement of the topmost atomic layers. It is likely

that due to statistic fluctuations the defect-free Ni

surface expected after annealing is not perfectly restored

during this process, resulting in the formation of surface
defects, such as pits. The absence of Ni islands on the

terraces in most of the experiments as well as the rough

terrace edges can be rationalized by a preferential

reattachment of excess Ni atoms along the Ni steps.

Furthermore, dissolution of minute amounts of Ni into

the electrolyte during immersion (at OCP) and cathodic

reduction cannot be excluded. Alternatively, the pre-

sence of the pits may be explained by the presence of
impurities in the Ni bulk which segregate to the surface

during annealing and are selectively dissolved upon

exposure to the electrolyte. In this case, however, the

coverage and density of the pits should strongly depend

on the preparation conditions (such as annealing time),

which was not found in the experiments.

On the atomic scale the experiments clearly indicate a

Ni(111)-(1�/1) lattice, confirming previous in situ STM
studies [32,33,36]. In view of the high reactivity of

metallic Ni strong chemisorption of species from the

electrolyte solution is expected, which is supported by

the reflectivity data. The observation of a (1�/1)

structure indicates that the adlayer is either pseudo-

morphic to the Ni(111) substrate, which would require a

rather small adsorbate, such as H, or that the adsorbed

species cannot be observed by STM because they are
highly mobile on the Ni surface. Interestingly, no

indication is found for the ordered sulfate ‘(�3�/�7)’

superstructure, which has been observed on the (111)

surfaces of various fcc-metals in H2SO4 solution (see

Ref. [70] and references therein). This might be related

to two effects: First, the ‘(�3�/�7)’ phase is only

formed positive of a critical potential, which depends on

the substrate metal and which on Ni might be higher
than the potential regime where the oxide-free Ni

surface is stable. Second, this structure is apparently

stabilized by the steric match of the sulfate tetraeder to

the hexagonal (111) lattice, which might be less favor-

able on Ni due to the particularly small Ni lattice

spacing. The presence of a strongly bound adsorbate

layer, probably of an oxygen species, on reduced

Ni(111) electrodes is further corrobated by the clear
outward relaxation of the Ni surface layer suggested by

the X-ray reflectivity experiments. The data are in

excellent agreement with results obtained for Ni(111)

under UHV conditions, where also a slight expansion in

the presence of a (saturated) oxygen adlayer was found

[77], whereas no expansion of bare [77,83] or H-covered

Ni surfaces [84] was observed.

4.3. Ni dissolution

According to STM and electrochemical measure-

ments the anodic dissolution of Ni(111) in H2SO4

solution commences for slow rates of potential increase

at potentials between �/0.25 and �/0.20 V. In this case a

step-flow mechanism is found in the initial stages of

dissolution, in agreement with previous in situ STM

studies of Ni(111) electrodes [32] and of epitaxial
Ni(111) films on Ag(111) [85]. This step-flow etching

proceeds isotropically with no preference of certain step

orientations but not uniformly, i.e. it exhibits pro-

nounced differences in the local dissolution rate. Possi-

ble explanations for these local variations in the step

reactivity are (i) variations in the local step geometry,

e.g. in the kink concentration, (ii) the local pinning of

steps by passivating adsorbates, or (iii) the presence of
small amounts of impurities, which accelerate dissolu-

tion (e.g. chloride). At more anodic potentials step-flow

continues with higher but still nonuniform rates, result-

ing in an increased step roughness. A similar roughening

of Ni steps was found during dissolution of ultrathin

Ni(111) films on Ag(111) [85]. Parallel redeposition of

the dissolving metal, as in the case of Cu(100) [72] and

Cu(111) [86] dissolution in H2SO4, apparently does not
occur during Ni dissolution. This can be attributed to

the considerable hysteresis between Ni dissolution and

redeposition, which suggests the presence of a kinetic

barrier for this reaction, e.g. due to an inhibiting

adsorbate layer on top of the Ni surface [87].

At more positive potentials the dominant mechanism

for metal dissolution is the formation and growth of

three-dimensional pits, i.e. dissolution occurs predomi-
nantly at specific, highly localized centers. The STM

experiments clearly indicate that this mechanism, which

has not been reported previously for dissolution of
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(oxide-free) Ni, is not caused by selective dissolution at

bulk defects, such as screw dislocations or larger

inclusions. The initiation of this process at impurity

atoms in the Ni surface layer can not be excluded,
however, in this case the formation of monolayer deep

pits rather than 3D pits would be expected. More

probably, the observed 3D pitting is caused by localized

dissolution in the presence of a passivating layer, a case,

in which pitting corrosion is a rather common mechan-

ism. Since the pitting occurs on an oxide-free Ni surface,

only an inhibiting adsorbate layer, as also indicated

otherwise by the data (see above), could account for
such a passivation. In this model pitting would result

from local disruption of the passivating adlayer, leading

to the temporary formation of a highly active surface

area. After rapid initial dissolution the pits can repassi-

vate, either via adsorption of the inhibiting adsorbate or

via local formation of the passive film. These pro-

nounced pit growth and repassivation/activation pro-

cesses result in a considerable increase in surface
roughness after prolonged dissolution at higher anodic

potentials.

4.4. Passive layer formation

In contrast to previous studies, where only the passive

film structure after formation was probed by in situ

STM [33,36], morphological changes prior to and during

passive film formation on Ni(111) in 0.05 M H2SO4 were
directly observed in this work. According to our

observations the onset of passivation is preceded by

rapid Ni dissolution, even if the potential is increased at

a sufficiently high rate to avoid the pronounced

dissolution and surface roughening described in Section

4.3. Passive layer formation proceeds via the nucleation

and growth of small 3D oxide and/or hydroxide islands

with a lateral size close to that of hydroxide grains
observed on Ni(111) in situ on passive films [33,36] and

on Ni(111) oxidized under UHV conditions [74].

Although the islands initially nucleate predominantly

at steps, the surface is rapidly homogeneously covered

by these islands in the further passivation process, either

due to homogeneous nucleation on terraces or due to

heterogeneous nucleation at additional steps, formed in

the Ni dissolution process. Preferential nucleation at
steps was also found in UHV�/STM studies on Ni(100)

oxidation [75,88], whereas homogeneous oxide nuclea-

tion was suggested in studies of Ni(111) [74] and Al(111)

[89] gasphase oxidation.

At constant potential the oxide/hydroxide islands

apparently grow and, in parallel, the initial, grain-like

morphology is gradually transformed into a topography

with sharp, oriented step edges, indicating a structural
rearrangement of the passive layer. Previously such

stepped morphologies were assigned to tilted, crystalline

NiO grains on the Ni(111) substrate [32,33,36,48,49],

which apparently form the inner part of the passive layer

under steady-state conditions (see Section 4.5). Follow-

ing the interpretation of Marcus and coworkers these

observations suggest that passivation of Ni(111) com-

mences by the rapid formation of a Ni hydroxide and/or

hydrated oxide, followed by conversion of this phase (on

a timescale of minutes) to a structural well-defined

crystalline NiO layer. A similar mechanism for passiva-

tion of Ni in H2SO4 solution was proposed by Arvia and

co-workers based on electrochemical results [28]. The

fast drop of the anodic current, observed parallel to the

formation of the grainy morphology in the STM

experiments, indicates that already this initial phase,

which can be regarded as a precursor of the crystalline

passive film, hinders further dissolution, i.e. exhibits

passivating properties.

The present data do not allow to distinguish unam-

biguously whether the passive film is formed via direct

growth on the metal surface due to reactions of Ni

surface atoms with solution species, similar as in

gasphase oxidation reactions, or via a precipitation

mechanism, where the film (or a precursor of it) is

formed by precipitation of salts from the solution. On

the one hand, precipitation, i.e. a genuine wet-chemical

mechanism, seems possible, since the pronounced Ni

dissolution observed directly prior to passivation should

result in high Ni2� concentrations in the near-surface

region of the electrolyte. In this case, the structural

differences between the passive film and the air-formed

oxide (see below) could be rationalized by the differ-

ences in the formation mechanism. On the other hand,

the observed surface morphology resembles that of

Ni(111) surfaces oxidized under UHV conditions [74],

suggesting a similar (i.e. direct growth) mechanism. For

this type of growth two distinctly different mechanisms

were suggested in previous studies of gasphase oxida-

tion: For Ni(100) the heterogeneous oxide nucleation at

steps is strongly preferred to homogeneous nucleation

on the terraces, which are covered by a chemisorbed

c(2�/2)O adlayer [88,90], and the oxide formation

proceeds via lateral growth of the nuclei. Here a

transformation from Oad covered Ni into the oxide at

the interface between those surface phases was suggested

[88]. In contrast, for Al(111) continuous homogeneous

nucleation of oxide nuclei on terraces was reported [89].

In this case, it was suggested that bare and Oad covered

areas coexist with the surface oxide, that oxide nuclei are

formed at the interface of Oad islands and bare surface,

and that further oxidation progresses by nucleation of

additional oxide nuclei/grains rather than by growth of

existing ones [89]. Due to the pronounced dissolution

accompanying the passivation process we can not

distinguish between these mechanisms on the basis of

the present data.
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4.5. Passive layer structure

The results of our in situ STM and SXS study support

the duplex model of the passive film on Ni, suggested

previously [29,33,36,39,41]. According to this model,

which is illustrated schematically in Fig. 12a, the passive

film consists of a dense, inner layer of crystalline NiO,

which largely determines the corrosion properties of the

passivated metal, covered by a porous outer layer of

(probably amorphous) Ni hydroxide. The crystalline,

inner layer exhibits a well-defined structure and thick-

ness, which seems to depend only on the potential,

whereas the structurally less defined outer layer appar-

ently depends on the sample history, e.g. on the state of

the surface (reduced or oxidized) prior to passivation. In

the following we will discuss in more detail the lattice

structure and orientation of the inner NiO layer, the

nature of the outer part of the passive film, the structure

of defects in the NiO film, and the passive film thickness.

The crystalline phase corresponds to an epitaxial

NiO(111) layer which is aligned to the Ni(111) substrate.

Despite the similarity in crystal structure with that of the

air-formed oxide film (see Section 4.1), two distinct

structural differences between the latter and the passive

layer exist: First, the passive film exhibits a defined anti-

parallel orientation with respect to the substrate (Fig.

12b, left) [51,63�/65] and, second, the lattice of the

passive oxide is slightly tilted relative to the Ni substrate

[32,33,36,48,49,51]. Similar tilted oxide grains were also

found for oxide films formed under UHV conditions on

Ni(100) [75]. Various models have been proposed to

explain this tilt and attributed it alternatively to (i) a

lowering of the oxide surface energy [49], (ii) an

improved epitaxial match between oxide and metal

substrate lattice [48,49,75], or (iii) microscopic rough-
ness of the oxide/metal interface, resulting from the

kinetics of oxide growth [75]. The first model is based on

the fact that an (unreconstructed) (111) surface of clean

NiO is polar and therefore energetically unstable [91].

For a tilted oxide, in contrast, an equal number of small

Ni- and O-terminated facets can coexist, resulting in an

effectively unpolar surface with lower surface energy

[49]. For oxide films formed in an aqueous solution,
where the oxide surface energy can be minimized by an

OH termination, this explanation seems rather unlikely.

Second, epitaxial growth of a tilted phase may be

favored by the large lattice mismatch between Ni and

NiO. This was originally suggested to explain the

average tilt angle of 88 found in the ex situ STM

experiments on the passive film structure on Ni(111)

[48,49]. The broad distribution of tilt angles found in the
more recent in situ STM [33,36] and SXS [51] studies,

however, seems to be at variance with a well-defined

epitaxial orientation. Furthermore, the rather small

average tilt angles would correspond to a good lattice

match only every �/60 Å, which would imply an

(energetically unfavorable) very open arrangement at

the NiO/Ni interface. Finally, in this case a tilted lattice

would also be expected for the air-formed oxide,
contrary to the experimental data. We hence favor the

third explanation, where the tilt of the oxide is

rationalized by a growth of oxide grains across steps

of the Ni substrate (as illustrated schematically in Fig.

12a) resulting in local distortions and tilts of the oxide

lattice [75]. This model would explain the broad

distribution of tilt angles by local variations in the

topography. Due to the small lateral grain size, a height
difference of only one to two Ni monolayers (i.e. NiO

growth across one to two Ni monolayer steps) between

opposite edges of the oxide grain could account for the

distribution of tilt angles determined from the SXS and

STM data. This also would hold true for the (more

realistic) case that the atoms at the interface and in the

oxide film locally relax into a configuration where the

local gaps at the Ni/NiO interface are minimized. In
view of the pronounced Ni dissolution and surface

roughening accompanying the passive film formation,

the oxide/metal interface may well exhibit a correspond-

ing roughness. In addition, the preferred heterogeneous

nucleation of oxide grains at Ni steps should further

enhance the probability for oxide growth across steps.

The structural differences to the untilted air-formed

oxide may be caused by pronounced differences in the
oxidation mechanism in the two different environments,

in particular the involvement of Ni dissolution and

(potentially) Ni oxide/hydroxide precipitation in the

process of passive film formation (see Section 4.4).

Fig. 12. (a) Structural model of the passive film formed on Ni(111) in

H2SO4 solution, showing the Ni substrate (light gray), the crystalline

NiO(111) layer (white), and the outer Ni hydroxide grains (dark gray);

vertical lines indicate oxide grain boundaries (details are given in the

text). (b) Schematic representation of antiparallel (left) and parallel

(right) oriented NiO domains, as well as of a noncoherent twin-domain

boundary between these oxide domains.
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Close to the oxide/electrolyte interface the passive film

and the oxide film formed by exposure to oxygen under

UHV conditions should differ even more strongly. Since

the latter has been shown to hydroxylate at the surface
in the presence of water vapor [74,76] (partial) hydration

and/or hydroxylation of the NiO film is also expected in

the case of the passive film. This might explain the

surface-normal lattice expansion with respect to bulk

NiO(111) measured by SXS. A similar expansion of the

surface-normal spacing upon incorporation of water

was reported in a SXS study of Ni(OH)2 [92]. According

to the combined results of the STM experiments
presented here and elsewhere [33,36], which indicate a

well-ordered crystalline surface lattice, and the SXS

experiments, where no indication for crystalline phases

with in-plane lattice parameters other than those of NiO

was found, this hydration/hydroxylation does not

change the lateral interatomic distances in the topmost

layers of the passive film relative to that of the under-

lying (bulklike) NiO spacing. Apparently, the rather low
lattice mismatch between the close-packed (0001) plane

of hexagonal Ni(OH)2 and the NiO(111) plane allows

accommodation of the hydrated/hydroxylated layers to

those of the inner NiO lattice, i.e. a pseudomorphic

arrangement. In addition, the in situ STM experiments

indicate the presence of grains on top of this crystalline

film, which may be associated with an apparently

amorphous (and probably even more strongly hy-
drated/hydroxylated) Ni hydroxide phase. This phase

may form either directly from the crystalline film via

disruption of the topmost NiO layers due to pronounced

incorporation of OH and/or H2O or by precipitation of

Ni, previously dissolved at defects in the film (see

below).

The small lateral domain size of the passive oxide

implies a high number of grain boundaries between the
crystallites, which may strongly affect the stability of the

passivated electrode. Due to the well-defined stacking

sequence (i.e. the presence of only antiparallel oriented

NiO), twin boundaries along the surface-normal, which

have been proposed as particular easy channels of

diffusion through the film [64] (see below), are not

present in the passive film. The incommensurate nature

of the oxide lattice and the broad distribution of tilt
angles imply a high density of translational and small

angle boundaries between oxide grains, however, those

still allow dense packing at the grain boundary and

hence should not significantly enhance the transport

processes through the film. The difference in the defect

structure may, in addition to the larger oxide thickness,

explain the higher stability against cathodic oxide

reduction and open circuit breakdown of the passive
film as compared with the air-formed oxide, found

previously in electrochemical experiments [26].

In the regime of passivity (0.10�/0.80 V in 0.05 M

H2SO4) the electrode potential primarily affects the

thickness of the oxide layer. In contrast to previous

studies by ex situ XPS [29,33,36,41] and in situ

ellipsometry [8,46], the SXS experiments directly and

exclusively measure the thickness of the crystalline,
inner NiO layer, whereas they are insensitive to the

more porous, outer part of the passive film. The data

clearly confirm that the thickness of the inner layer

increases approximately linearly with potential. The

absolute values of the thickness, its dependence on

potential (14�/17 Å V�1), and the shift of the thickness

curves with solution pH (�/60 mV), are in good

agreement with the previous results [29,33,36,41].
Furthermore, for passivation of reduced samples the

SXS experiments suggest a decrease in grain size with

increasing potential. This can be attributed to an

increase in the nucleation density of oxide crystallites

as also found in previous studies [49], reflecting the

higher driving force towards oxide formation.

4.6. Oxide-covered Ni(111) surfaces after immersion

According to our SXS study, the air-formed oxide on

Ni(111) changes significantly after direct immersion into

0.05 M H2SO4 at potentials in the passive range,

resulting after prolonged exposure to the solution in

an oxide film with an apparently identical structure as

the passive oxide formed on previously reduced samples.

These changes can not be explained by a direct

restructuring of the oxide grains, since a conversion
from parallel to antiparallel oxide or from untilted to

tilted oxide would require substantial collective mass

transport. More likely, the continuous dissolution and

reformation of the oxide film in the passive range,

indicated by previous radiotracer studies [52,53], causes

the replacement of the initial air-formed oxide by the

(steady-state) passive film.

The in situ STM experiments show that this transition
is accompanied by substantial morphological changes.

On short time scales (up to 1 h) the smooth topography

of the initial oxide is largely maintained, indicating that

pronounced active dissolution is effectively blocked by

the air-formed oxide. Only localized dissolution, result-

ing in the formation of nanometer-sized pits, occurs,

which is attributed to NiO dissolution at defect sites of

the air-formed oxide. As noted above, the coexistence of
parallel and anti-parallel oxide domains in the air-

formed oxide implies the presence of incoherent twin

boundaries between the oxide grains (see Fig. 12b),

where mass transport through the film should be

markedly more facile and which therefore should act

as preferred sites of dissolution [10,64,93]. This is

supported by the predominant occurrence of pits along

steps, i.e. at the probable location of grain boundaries.
Upon longer immersion at passive potentials, the sur-

face gradually roughens and develops a ‘grainy’ appear-

ance, similar to that observed directly (within several
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seconds) after passivation of reduced samples. Follow-

ing Zuili et al. [33,36,33,36], the formation of this

morphology can be rationalized by the slow formation

of a hydroxide and/or hydrated oxide layer on top of the
crystalline oxide. The direct growth or precipitation of

this hydroxide layer requires the presence of Ni ions at

the electrolyte/NiO interface. In contrast to the passiva-

tion of reduced Ni surfaces, where considerable amounts

of these Ni ions are generated due to the pronounced,

parallel dissolution of the (metallic) Ni electrode, the

dissolution of Ni surfaces covered by the air-formed

oxide can only proceed at defects in the oxide film and
hence is significantly slower. This explains the much

slower formation of the hydroxide layer in the latter

case.

As a consequence of the structural conversion of the

initially highly defective air-formed oxide film, the

corrosion rate should gradually decrease after longer

immersion and finally approach that of passive oxides

formed on reduced samples. Upon reemersion from the
0.05 M H2SO4 solution these changes are partially

reversed, resulting in the reemergence of parallel or-

iented NiO grains. Possible explanations for the latter

are (i) a direct conversion of the oxide due to dehydra-

tion and/or dehydroxylation processes and/or (ii) the

(partial) dissolution of the passive film, followed by

oxide reformation in air during the emersion and

transfer procedure. In the latter case the dissolution
processes can be attributed to chemical dissolution of

the oxide in the acidic solution after the potential

control is released, an effect which is expected in

particular in strongly acidic electrolytes [4]. The far

lower diffracted intensity after emersion probably re-

flects a less defined oxide structure, e.g. a broader

distribution of tilt or rotation angles, and/or a higher

roughness on the atomic scale, as also supported by
EXAFS results on passivated and emersed Ni electrodes

[50]. Such structural changes during immersion/emer-

sion can be expected to influence the atmospheric

corrosion of Ni. Due to the reappearance of the mixed

parallel/antiparallel oxide new defects, such as twin

boundaries, are created upon emersion which may

exhibit an enhanced reactivity for corrosion reactions

after reimmersion into the electrolyte. This would cause
an increased corrosion rate in dry�/wet cycles, i.e. under

conditions common in outdoor atmospheric corrosion.

5. Conclusions

We have presented a detailed in situ/ex situ STM,

SXS, and electrochemical study of the structure and
morphology of Ni(111) surfaces in air and in H2SO4

solution and of the mechanisms of Ni dissolution and

oxide formation. The major results are:

. In agreement with previous studies, structurally well-

defined Ni surfaces can be prepared by annealing in

H2 atmosphere and subsequent exposure to air at

room temperature. The resulting surface is covered
by a three to four layers thick, (111)-oriented NiO

film, consisting of untilted, parallel (NiO[/11̄0]/jjNi[/

11̄0]/) and anti-parallel (NiO[/11̄0]/jjNi[/11̄0]/) oriented

oxide grains.

. Upon immersion into 0.05 M H2SO4 solution at

potentials 5/�/0.40 V the air-formed oxide is re-

duced, resulting in atomically smooth, oxide-free Ni

electrode surfaces with very low surface mobility. The
experiments indicate the presence of a (1�/1) or

disordered, chemisorbed adlayer, most probably an

O/OH or anion species, which induces an outward

relaxation of the Ni surface atoms. The occurrence of

monolayer deep pits on the reduced Ni surface is

proposed to result from mass transport processes

during the (air) oxidation and the subsequent electro-

chemical reduction.
. Dissolution of the oxide-free Ni surface in 0.05 M

H2SO4 commences at �/0.25 to �/0.20 V via a step

flow mechanism. At more positive potentials Ni

dissolves with higher rates and predominantly by

the formation and growth of three-dimensional pits.

This pitting is tentatively attributed to the presence of

an inhibiting adlayer, which is locally removed. Due

to the formation and (re-) passivation of such etch
pits the Ni surface roughness increases substantially

during dissolution.

. In situ STM observations of the passive film forma-

tion on reduced surfaces show a rapid nucleation and

growth process, followed by slower restructuring of

the oxide film. This can be rationalized by a two-step

process, where an initial hydroxide/hydrated oxide

phase is converted into NiO.
. Structural studies of the passive film formed at

potentials ]/�/0.10 to 0.00 V (depending on the

rate of potential increase) support the duplex model

of the passive film, suggested previously, with a

dense, crystalline inner layer, consisting of an exclu-

sively anti-parallel oriented NiO(111) film, and a

more porous (probably amorphous) outer layer of Ni

hydroxide. The NiO grains exhibit a small-angle tilt
relative to the Ni substrate with a broad distribution

of tilt angles, which is tentatively attributed to the

oxide growth kinetics. A surface-normal expansion of

the NiO lattice suggests partial hydration/hydroxyla-

tion of the inner layer. From the SXS measurements a

potential-dependent thickness of the inner crystalline

layer of 10�/20 Å is deduced in the potential range

from 0.30 to 0.80 V, with slopes of 14�/17 Å V�1.
. Upon immersion of Ni samples at potentials in the

passive range the air-formed oxide is first dissolved

locally, which is attributed to the presence of twin-

domain boundaries between the oxide grains. On
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longer time scales the air-formed oxide is gradually

transformed into the passive film, most likely by

(slow) continuous dissolution and reformation pro-

cesses. Structural and morphological changes also
occur after emersion of the samples from the electro-

lyte, most likely by partial dissolution of the passive

film and reoxidation in air as well as by dehydration

or dehydroxylation processes. Such effects may affect

the corrosion resistance of Ni under outdoor atmo-

spheric corrosion conditions.
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